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INTRODUCTION 
Bulk and Rayleigh (or surface wave) velocities of ultrasonic waves in chromium 
coatings on steel were measured and an experimental correlation was found between the 
surface velocity and the hardness. Since qualitative coating evaluation is commonly made 
using hardnesses as a guideline, the possibility is herewith presented of using the so und 
velocities of surface ultrasonic waves for this purpose. This provides the advantage of 
using a nondestructive technique over one that is destructive and more qualitative. 
Empirical evaluation guidelines were developed in the course of previous studies of the 
electroplated low contractile (LC) chromium coating's effectiveness in preventing darnage 
to the steel substrate. These have come to relate hardness ranges of the coating to its 
resistance to wear and erosion under extreme environments involving simultaneaus 
exposure to high temperature, pressure, mechanical forces and corrosive gases. Thus 
conventional hardness became the only way of estimating the potential resistance to wear 
and erosion of thick chromium coatings. 
In order to extend this observed empirical correlation to a more fundamental 
understanding, and help improve the coating's protection capabilities, it was deemed useful 
to provide as many basic property measurements for this material as possible, in addition to 
developing nondestructive techniques for a priori determination or prediction of its 
properties. 
In contributing to the establishment of a data base for the electroplated LC chromium, 
we also measured the velocity of bulk longitudinal and bulk shear waves in the coating 
where the wave propagation was in the direction of film growth. Two perpendicular 
polarizations for the shear wave were used, to evaluate any differences in crystallographic 
orientation with direction in the plane of the coating. We converted the measured bulk 
velocity values to elastic properties using the relationships developed for isotropic 
materials and call these "engineering" elastic properties because the deposited chromium is 
not perfectly isotropic. Cerreetions for the anisotropy are left for future work. Using 
isotropic relationships the bulk velocities were also converted to Rayleigh surface wave 
velocities; these values were then checked with actual measurements, for self consistency. 
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Figure l. Steel ring with chromium coating, showing positioning lines and transducer 
location. 
EXPERIMENT ALAND COMPUT A TIONAL DESCRlPTIONS 
Nine hollow steel right circular cylinders, with nominally parallel inner and outer 
surfaces were plated with chromium on the inside in a flow-through electroplating 
facility[ 1 ], and several current densities and electrolyte flow rates were used to produce 
different properties in the coatings. 
The specimen tubes were then heat treated to remove dissolved hydrogen and one ring 
of I 7/8 in. thickness was cut from each cylinder (Fig 1). Coating hardnesses (Knoop, 50 
gm.) were measured on polished samples cut from each tubein a plane normal to the tube 
axis, i.e. perpendicular to the direction of growth of the plate. Generally these readings 
were taken at three coating depths and then averaged. 
Bulk sound velocities were obtained with commercially available one quarter inch 
diameter 5 MHZ longitudinal and shear transducers. These were grease-coupled and 
pressed to the outer diameter of the rings so that the sound would travel across the ring 
wall and be reflected back to the transducer. The total time for passage of the so und wave 
across that wall thickness was measured by means of the pulse-echo technique using two 
echoes and obtaining the time difference between them for zero crossing at the same cycle. 
Then the thickness at the samepositionwas also measured. Subsequently only the 
chromium deposit was removed by electropolishing from the steel substrate and the 
thickness and time of passage for both sound waves were again measured. Great care was 
taken to achieve high accuracy in the distance and time measurements. This is required 
because the distance (thickness) changes due to chromium removal were Jess than 0.01 in. 
and the corresponding time differences were less than 80 nsec. for the case of longitudinal 
waves. The thicknesses of the samples were measured with a resolution of 0.00003 in. and 
a repeatability of 0.0001 in., and the time to l nsec. Each of the nine rings was measured at 
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Figure 2. Longitudinal velocity in chromium coating and substrate as a function of 
normalized current density at different flow rates (~. • at ratel and T , e at rate2). 
four positions along its circumference. These were marked by four scribed lines on the side 
of the ring as shown in Fig. I. These lines were used for ring alignment so that position 
repeatability would be achieved for the thickness measurements, which were done with a 
dial indicator as the rings were placed on a surface plate. Seven evenly spaced points were 
chosen along the tube wall at each position and each point was measured three times. 
The "hybrid" technique was used for surface waves: They were generated by means of 
a Iaser pulse, and detected by using a plastic wedge coupled to a longitudinal piezoelectric 
transducer of 5 MHZ but with enough bandwidth (2, to 10 MHZ) so some relevant 
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Figure 3. Transverse velocity in coating and substrate measured at two flow rates (~. • at 
rate 1 and T, e at rate2), as a function of the normalized current density. 
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Figure 4. Surface wave obtained with the "hybrid" technique on a steel surface (top) and a 
coated surface, showing earlier arrival at higher frequency components due to the travel in 
chromium. 
dispersion effects could be detected. The general characteristic of Rayleigh surface waves 
isthat they ( as opposed to Lamb waves) are non-dispersive, and that they penetrate the 
surface to a depth approximately equal to the wavelength of the sound. If a surface is 
coated, then the frequency components of a wave traveling along the surface which are 
greater than the Rayleigh velocity in the coating divided by its thickness will travel mainly 
in the coating whereas the lower frequencies will also travel in the substrate[2] . 
RESULTS AND DISCUSSION 
The bulk velocities measured in chromium and in the steel substrate as a function of 
normalized current density and flow rate are plotted in Figures 2 and 3. The velocities in 
electroplated chromium show typical variations of 5.5% and 7.5%, for shear and 
longitudinal waves respectively in the same sample. Theseare !arger than the expected 
scatter due to time and thickness errors. The scatter for all steel measurements is Iess than 
0.1%. 
A difference in elastic properties between coating and substrate shows dispersion for 
Rayleigh waves, as we found with chromium plated on copper [3,4], where the difference 
in velocity of surface waves is 30%, and with chromium plated on steel where it is about 
I 0%. In both cases we see the dispersive effect of the coating: it is more pronounced for 
greater differences between coating and substrate elastic properties, and in our case the 
higher frequency components arrive before the lower frequency ones. The effect of 
dispersion in the detected surface wave pulse for chromium on steel is seen graphically in 
Figure 4. The top waveform shows the surface wave detected by the surface wave 
transducer after the wave traveled on a pure steel surface. The bottom waveform shows the 
signal after the surface wave travels over the same distance, and with the same 
arrangement, but here the surface was chromium on steel. The higher frequency 
components of the ultrasonic surface wave having traveled in the chromium, which has a 
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Figure 5. Top: surface wave traveling over chromium coated steel. Center: decomposition 
of the above signal into the chromium and steel wave packets allowing accurate thickness 
and velocity determination. Bottom: Superposition of the two wave packets for comparison 
with original. 
velocity higher than steel, arrive first, followed by the lower frequency components which 
traveled in the steel. Figure 5 shows how the two relevant velocities can be obtained by a 
wavelet technique[5]. Also the surface wave velocity obtained for the coating has a much 
smaller estimated error than the bulk velocities since it was obtained not by using a gauge 
length of 0.005 in. but keeping a wedge transducer in one spot and moving the source 
which could be one inch away with known precision. 
The central relationship we find here, namely that the surface wave velocity increases 
as the hardness increases (Figure 6) has not been explained so far. Hardness has been 
associated with texture (grain orientation) and grain size. These have been used to explain 
the sound velocity changes associated with the change in texture obtained in rolling of 
metals[6]. Relationships have also been found for case hardening of steel between hardness 
and surface wave velocity, but here the velocity decreases with hardness as opposed to 
what we find, namely an increase of Rayleigh velocity with hardness. The shear velocity 
measurements were made with the shear polarization once in the hoop direction and once 
in the axial direction. Any angular dependence potentially reflects deviation from isotropy 
in the plane of the coating. No dependence of shear wave velocity in the chromium plate 
could be detected with shear wave polarization, but one should keep in mind the 2% 
estimated error of the measurement. The stress acoustic constant for the chromium is not 
available but even then it is very unlikely that much sensitivity for differences in residual 
stress for axial and hoop residual stress in the coating exists. Because of the aforesaid the 
results point to elastic isotropy in the plane of the coating. Now we consider the !arge 
change in measured longitudinal and shear bulk ultrasonic velocities of the order of about 
30 and 20% respectively, and a change in the surface wave velocity of about 16% with 
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Figure 6. Plot of microhardness and surface wave velocity for chromium coatings on steel. 
normalized current density. Potential contributors to velocity changes are impurities, 
dislocation density and texture. Neither impurities nor dislocation density changes can be 
expected to produce such !arge velocity changes. Previously the only changes in sound 
velocities of a magnitude equal to or greater than we saw here were found in cold rolled 
metals and were associated with texture changes. It is possible that in our case also what 
changes with normalized current density is the proportion of one crystallographic 
orientation over another in the columnar structure of the plate, so we tentatively ascribe this 
cause to our effect. 
Finally, the scatter of the shear and longitudinal velocities is I arger than would be 
expected from the uncertainties of the measurements. This would point to some difference 
in specimen preparation or plating geometry, or even a systematic error which has not 
been accounted for so far. 
CONCLUSION 
The preceding demonstrates the effectiveness of the "hybrid" technique in measuring 
dispersion effects in chromium coated steel. The results also correlate the hardness of the 
coating with the sound velocity of a surface wave. The hardness measurement, a 
destructive technique was previously the only means of estimating the coating quality. The 
present results give us the capability of using a nondestructive technique, the measurement 
of the sound velocities of surface waves in LC electroplated chromium for coating 
evaluation. The velocity increases with hardness as shown in Fig 7; this differs from other 
correlations of surface hardness, where surface sound velocities decrease with hardness, as 
discussed in the text. 
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